C ervical artery dissection is a major cause of ischemic stroke in the young.
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have been used but are often limited because of incomplete flow suppression in the perivascular venous plexus most evident along the V3 segment. 5 This is especially problematic because this segment is a common site for dissection. 8 Heavily T1-weighted flow-suppressed sequences, such as magnetization-prepared rapid acquisition gradient-recalled echo (MPRAGE), have been implemented to detect carotid intraplaque hemorrhage (IPH). 9, 10 The MPRAGE sequence has a nonslice-selective inversion pulse and flow suppression with many advantages over conventional T1FS, including a 3-dimensional (3D) acquisition, high signal-to-noise ratio, high tissue contrast, and flow suppression. 11 Although some clinical factors are associated with dissection and stroke, including age, sex, and hypertension, 12 ,13 the potential contribution of individual dissection imaging findings to stroke has not been well evaluated. Because of this, our aim was to determine which imaging findings (eg, stenosis or IMH) are the most highly associated with acute ischemic stroke when controlling for potential confounders and whether MPRAGE could more reliably detect IMH compared with conventional T1FS.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Clinical Study Design
Institutional review board approval was obtained for this retrospective cohort study of 254 patients with suspected dissection undergoing dissection protocol magnetic resonance angiography (MRA) from November 2009 to December 2017. Because of the retrospective nature, informed consent was waived by the institutional review board. Imaging included MRA with MPRAGE and T1FS and MRI of the brain for acute stroke evaluation. Exclusions were limited to potential confounders of neck vessel measurements, including stents (1 subject) and atherosclerotic plaque at the carotid bifurcation or vertebral artery origins (26 subjects), with one of the following: at least 50% stenosis, 4 mm maximal plaque thickness, or carotid IPH. Carotid plaque and IPH were present if localized within 2 cm above or below the bifurcation, as described previously.
14 No scans were excluded because of motion or other artifacts.
Clinical Demographics
Clinical demographics were determined by retrospective chart review and included age, male sex, diabetes mellitus, hypertension, hyperlipidemia, body mass index, and current or prior smoking status. Cerebrovascular medications (antiplatelet, anticoagulant, statin, and antihypertensive medications) were recorded if taken for at least 2 months before the scan. After chart review, a vascular neurologist recorded additional stroke sources outside of the neck. These included 22 patients with cardiothoracic stroke sources (eg, atrial fibrillation), 4 patients with hypercoagulable states, and 10 patients with intracranial vessel disease with either intracranial stenosis of at least 50% or small vessel disease (eg, cerebral amyloid angiopathy).
MRI/MRA Protocol
Images were obtained on Siemens 3T and 1.5T MRI scanners with standard head/neck coils. The MRI/MRA dissection protocol for these patients included axial brain diffusion-weighted imaging, brain MRA (3D axial time-of-flight), neck MRA (2-dimensional [2D] axial time-of-flight, coronal precontrast T1-weighted, coronal postcontrast arterial phase, and venous phase images), and included both MPRAGE and T1FS. Coronal postcontrast MRA neck images were obtained from the aortic arch through the circle of Willis. Total scan time was ≈45 minutes. In patients with renal failure (glomerular filtration rate, <30 mL/min per 1.73 m 2 ; 38/227 or 16.7% of patients), 3D time-of-flight was used with 1 mm slice thickness.
T1-Weighted Sequences
MPRAGE parameters were 3D; repetition time (TR)/echo time (TE)/ inversion time (TI), 6.39/2.37/370 ms; flip angle, 15°; field of view, 130×130×48 mm 3 ; matrix, 256×256×48; and voxel, 0.5×0.5×3 mm 3 fat saturation. The TI was initially optimized for 3T and transferred to 1.5T. An initial TI of ≈500 ms was chosen based on prior computer simulations at 3T and was adjusted down to a TI of 370 ms to maximize contrast between hemorrhage and inflowing blood in human volunteers as described previously.
10,15 T1FS parameters were 2D TSE; TR/TE, 590/11 ms; field of view, 200×200 mm; matrix, 192×56; voxel, 0.4×0.4×3 mm 3 ; fat saturation. Images were obtained from the great vessel origins to the skull base at 3 mm slice thickness. The time for each MPRAGE and T1FS sequence was 4 to 5 minutes, with the MPRAGE sequence at least 34 seconds faster than T1FS on all scanners.
Dissection and Vascular Imaging Markers
Three separate reviewers determined IMH as a binary outcome (present or absent) separately using only MPRAGE or T1FS images. These reviewers were blinded to the final diagnosis, dissected vessel, brain MRI, and clinical covariates. Images were reviewed on a Picture Archiving and Communication System workstation, and windowing was allowed. IMH was detected quantitatively as T1FS or MPRAGEpositive wall signal, with ≥1 voxel demonstrating ≥2-fold higher signal intensity relative to adjacent sternocleidomastoid muscle. This threshold has been validated for carotid IPH detection by MPRAGE. 16 A separate observer with access to the patient chart and imaging determined the presence or absence of dissection and lumen markers for each vessel. Lumen markers included percent diameter stenosis (with occlusion equivalent to 100% stenosis), dissection flap, pseudoaneurysm, and intraluminal thrombus. Percent diameter stenosis was determined using a modification of criteria used for the WASID trial (Warfarin Aspirin Symptomatic Intracranial Disease) from intracranial stenosis literature. 17 This was selected to account for downstream stenosis sometimes present in dissection. On MRA, the diameter (b) at the level of maximal stenosis and diameter (a) of the downstream vessel distal to the stenosis were used to calculate percent diameter stenosis using the formula ([a−b]/a)×100%. Stenosis was measured at the narrowest segment of the vessel (b) on the axial images, perpendicular to the long axis of the vessel on multiplanar reformats using a sub-mm measurement tool. In cases where the downstream segment of the vessel was dissected, a proximal normal vessel segment was used for the comparison diameter (a). In cases where the entire vessel was involved, the contralateral vessel was used for the comparison diameter (a). Intraluminal thrombus was defined by an intraluminal filling defect on MRA axial reformats and often present as a donut sign as described previously. 18 Pseudoaneurysm was defined as lumen outpouching of ≥2 mm. Dissection flap was defined by a linear filling defect on lumen imaging. In arteries from patients with renal failure, the above imaging markers were determined using 3D time-of-flight.
Acute Territorial Ischemic Stroke
Brain diffusion-weighted images were interpreted by a neuroradiologist blinded to vascular imaging, and territorial ischemic stroke was subsequently adjudicated by a vascular neurologist. The American Heart Association definition of brain infarction was used as described previously. 19 Briefly, territorial stroke was defined by brain or retinal cell death attributable to ischemia based on (1) imaging evidence of cerebral or retinal ischemia or (2) clinical symptoms persisting ≥24 hours, with other pathogeneses excluded. Asymptomatic (silent) acute infarcts were included as strokes and determined on brain diffusion-weighted imaging performed in all patients to supplement clinical determination of infarct by showing acuity and arterial distribution as described previously. Acute territorial infarct was defined by true diffusion restriction on a diffusion-weighted imaging sequence derived from diffusion tensor imaging trace images, as described previously. 20 Diffusion tensor imaging trace images have been shown to be superior to conventional diffusion-weighted sequences in detecting acute infarcts. 21 Diffusion tensor imaging parameters were 2D, 128×128 matrix, 3 mm slice thickness, B value of 2000, 20 directions. All brain MRIs were obtained on 1.5 and 3T Siemens MRI scanners with standard head coils.
Statistical Analysis
MPRAGE and T1FS interrater reliability was calculated using kappa analysis. Univariate analysis was first used to determine imaging and clinical factors associated with dissection, as well as those associated with acute territorial stroke. To account for up to 4 vessels per patient (left/right carotid and left/right vertebral artery), generalized estimating equations were used, and Poisson regression and prevalence ratios (PRs) were calculated. Next, factors from univariate generalized estimating equations Poisson regression with P<0.20 were included in the initial multivariate mixed-effects Poisson regression model to determine imaging and clinical predictors of acute territorial stroke. This model accounted for 4 vessels and their vascular territories grouped within each subject. Backward elimination was used to determine the final model, in which all remaining predictors had a P<0. 10 . PR and P values were reported for each factor alone and for the factors found to be significant after backward elimination. To assess the discriminatory potential of the final model and other models, we reported the area under the receiver operating characteristic curve (AUC), with bootstrapped 95% CIs. 22 To guard against overfitting and optimism of the AUCs, in which an AUC could be higher in the present sample of patients than it would in future patients, we performed a bootstrap validation for each clustered data AUC calculation on the list of predictors in each model. 23 In each model, the optimism was <0.1%, with the original AUCs with bootstrapped validated AUCs identical to the precision reported, and there was no need to report both. All statistical analyses were performed with Stata 14.1 statistical software (StataCorp, College Station, TX).
Results

Patient Demographics
Patient demographics are listed in Table 1 
Clinical Factors and Dissection
From the 227 patients, imaging findings of 4 vessels per patient were recorded with 908 vessels and 114/908 dissections. Clinical factors associated with dissection on univariate analysis are shown in Table 2 
Vessel Imaging Markers of Dissection
Dissection imaging findings included IMH, stenosis, pseudoaneurysm, flap, and intraluminal thrombus. A representative patient with many of these findings is shown in Figure 1 . MPRAGE detection of IMH is shown in Figure 1A and T1FS in Figure 1B . Both sequences detected IMH in the bilateral internal carotid arteries and left vertebral artery, but the T1FS detected signal in the right vertebral artery that was not present on MPRAGE. This was related to lack of flow suppression in the perivascular venous plexus on T1FS. MRA maximumintensity projections show multiple arterial lumen findings ( Figure 1C ). Stenosis was measured as shown on contrast MRA for the right and left internal carotid artery in Figure 1D , with an example of a pseudoaneurysm and dissection flap shown by the arrow. In Table 2 , pooled data demonstrate the high prevalence of these imaging findings in dissection, including stenosis (PR, 22. 
IMH Interrater Reliability
IMH interrater reliability was significantly higher for MPRAGE (κ=0.83; 95% CI, 0.78-0.86) versus T1FS (κ=0.58; 95% CI, 0.57-0.68). Cases of disagreement for T1FS were often in the V3 segment and related to lack of flow suppression in the perivascular venous plexus. Examples of this are shown in the right vertebral artery in separate patients in Figures 1B and 2B .
Clinical and Dissection Imaging Factors and Stroke
From the 227 patients, there were 107/908 territorial strokes. A representative patient with acute territorial stroke and left 
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vertebral artery dissection is shown in Figure 2 . Factors associated with territorial stroke on univariate analysis are shown in 
Multivariate Regression Model and Stroke Discrimination
After multivariate Poisson regression of factors in Table 3 with P<0.20 and sequential backward elimination to a threshold P value of 0.10, the following factors were left in the final model ( From 227 patients, 908 arteries were analyzed. Mean/SDs were calculated using ordinary formulas. Significance tests and P values were based on univariate GEE Poisson regression taking into account 4 arteries per person. BMI indicates body mass index; GEE, generalized estimating equations; IMH, intramural hematoma; MPRAGE, magnetization-prepared rapid acquisition gradient-recalled echo; PR, prevalence ratio; and T1FS, T1-fat saturation. 
Discussion
This study adds new data over prior work. Although stroke is known to occur within the first few weeks of dissection, previous studies have not identified specific dissection imaging risk factors associated with stroke. 24 Our data show that stenosis, IMH, pseudoaneurysm, male sex, current smoking, and nondissection stroke sources significantly contribute to stroke on multivariable regression.
Although some small studies have performed univariate analyses between stroke and dissection imaging findings, MPRAGE (arrowhead) . B, T1-fat saturation (T1FS) also showed left vertebral artery dissection with T1-hyperintense IMH (arrows) although moderate high signal along the right vertebral artery was also thought by observers to represent IMH (arrowhead). C, Contrast magnetic resonance angiography demonstrates left vertebral artery narrowing (arrow) but a normal caliber right vertebral artery (arrowhead). This T1FS signal was related to incomplete suppression of slow flow within the perivascular venous plexus and not a true dissection. D, Diffusionweighted imaging demonstrates an acute left cerebellar ischemic stroke in the dissection territory.
Stroke
none have performed a multivariate analysis with all imaging findings. For instance, one study found no differences in ischemia based on occlusion, lumen irregularity, or IMH, but they did not perform a multivariate analysis of these factors and neglected to consider stenosis, age, sex, or other potential ischemic sources. 25 Because of the relatively large number of dissections in our study, multiple imaging factors and confounders could be evaluated in relation to stroke. This is also the first dissection study to evaluate stenosis as a continuous variable and find it is a major stroke predictor. Many prior studies have used binary (70% NASCET [North American Symptomatic Carotid Endarterectomy Trial] cutoff), stratified, or ill-defined stenosis categories often with negative results in association with stroke. [26] [27] [28] [29] NASCET, however, is invalid when the downstream vessel is diseased, and in some situations, is less reproducible than WASID. 30 Also given the relatively large size, we had appropriate power to detect differences between sequences. This study was the first to demonstrate significantly higher interrater reliability of the heavily T1-weighted 3D MPRAGE sequence in IMH detection and association with stroke compared with 2D T1FS. Although other 3D T1-weighted sequences have been used to detect dissection, prior studies have been hampered by small (<30 patients) sample sizes and limited power to extract meaningful data. For instance, small studies have found that 3D T1-weighted sequences may offer similar or slightly From 227 patients, 908 arteries were analyzed. Mean/SDs were calculated using ordinary formulas. Significance tests and P values were based on univariate GEE Poisson regression taking into account the correlation of 4 arteries per person. Factors with P<0.20 were included in the initial multivariate Poisson regression analysis before backward elimination and generation of the final model in Table 4 . BMI indicates body mass index; GEE, generalized estimating equations; IMH, intramural hematoma; MPRAGE, magnetization-prepared rapid acquisition gradient-recalled echo; PR, prevalence ratio; and T1FS, T1-fat saturation.
more information than 2D T1-weighted TSE, but none have detected significant differences in IMH detection a relationship with stroke. [31] [32] [33] [34] In addition, few have used heavily T1-weighted sequences (MPRAGE or simultaneous noncontrast angiography and intraplaque hemorrhage). In small feasibility studies, 3D T1 Cube, 3D simultaneous noncontrast angiography and intraplaque hemorrhage, and 3D T1 black blood volume isotropic TSE acquisition/sampling perfection with application optimized contrasts using different flip angle evolution were used to detect IMH, but these studies lacked comparison with 2D T1-weighted TSE and evaluation of IMH-related stroke. 28, 35, 36 Although some studies have shown that 3D T1-weighted sequences can improve signal and contrast to noise ratios over 2D T1-weighted TSE, these again were too small to show significant improvements and moreover did not evaluate stroke risk with IMH. 37, 38 In this study, multiple dissection imaging and clinical factors were independently associated with stroke. Although stenosis-related stroke risk is often attributed to decreased perfusion, this may alternatively reflect severity of intimal injury and thromboembolic potential. 39 Stenosis and pseudoaneurysmal dilation can also result in flow recirculation, low shear stress, and endothelial dysfunction contributing to thrombogenesis. 40 The association of IMH with acute stroke may reflect local effects on endothelial dysfunction, given that erythrocyte degradation is a source of oxidative stress. 41 Further, the association of male sex is compatible with lower endothelial function or antithrombotic capacity in men compared with women, often attributed to lower estrogen levels. 42 There was also an association between dissection and stroke with current smoking, again suggesting higher thromboembolic potential. Finally, our data argue that evaluation for other stroke sources is important in dissection workup because nondissection stroke sources were present. These patients remained in our analysis to more closely mimic the dissection workup process and to account for patients with multiple stroke sources, which is not uncommon. 43 Furthermore, some factors are synergistic, for instance, hypercoagulable states often accompany craniocervical dissection. 44 Although these data were analyzed in a cross-sectional manner, the data nonetheless argue against the sole use of lumen imaging to determine stroke pathogenesis. IMH was independently and significantly associated with territorial stroke in dissection patients, and MPRAGE increases interrater reliability for IMH detection over T1FS. Although carotid IPH and dissection IMH can appear similar, they occur in different areas, and we excluded subjects with wall thickening or high signal within 2 cm of the carotid bifurcation, which corresponds with carotid plaque on histology in prior studies. 45 For example, diffusion-weighted sequences and apparent diffusion coefficient values show promise in identifying atherosclerotic plaque secondary to lipid deposition. 46 Future studies could be designed to determine whether alternative sequences can further characterize IMH and stroke risk. Despite these limitations, the large number of patients in this study allowed multiple factors to be evaluated in association with dissection and stroke.
Summary
In conclusion, IMH detection and lumen imaging markers are essential in cervical artery dissection workup and are associated with ischemic stroke. MPRAGE has superior interrater reliability compared with T1FS in detecting IMH related to dissection. Together, these results support the use of MPRAGE in the evaluation of suspected cervical artery dissection.
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